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Autosomal recessive spastic ataxia ofCharlevoix-Saguenay (ARSACS)
is a childhood-onset neurological disease resulting frommutations in
the SACS gene encoding sacsin, a 4,579-aa protein of unknown func-
tion. Originally identified as a founder disease in Québec, ARSACS is
now recognized worldwide. Prominent features include pyramidal
spasticity and cerebellar ataxia, but the underlying pathology and
pathophysiological mechanisms are unknown. We have generated
an animalmodel for ARSACS, sacsin knockoutmice, that display age-
dependent neurodegeneration of cerebellar Purkinje cells. To ex-
plore the pathophysiological basis for this observation,weexamined
the cell biological properties of sacsin. We show that sacsin localizes
to mitochondria in non-neuronal cells and primary neurons and that
it interacts with dynamin-related protein 1, which participates in
mitochondrial fission. Fibroblasts from ARSACS patients show
a hyperfused mitochondrial network, consistent with defects in mi-
tochondrial fission. Sacsin knockdown leads to an overly intercon-
nected and functionally impaired mitochondrial network, and
mitochondria accumulate in the soma and proximal dendrites of sac-
sin knockdown neurons. Disruption of mitochondrial transport into
dendrites has been shown to lead to abnormal dendritic morphol-
ogy, and we observe striking alterations in the organization of den-
driticfields in the cerebellumofknockoutmice that precedes Purkinje
cell death.Our data identifiesmitochondrial dysfunction/mislocaliza-
tion as the likely cellular basis for ARSACS and indicates a role for
sacsin in regulation of mitochondrial dynamics.
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Parkinson’s disease

ARSACS (Online Mendelian Inheritance in Man: 270550) is
a childhood-onset, autosomal recessive spastic ataxia origi-

nally identified in the Charlevoix and Saguenay regions of
Québec. First described in 1978 by Bouchard et al. (1), ARSACS
is clinically characterized by spasticity, ataxia, polyneuropathy,
retinal changes and in some cases late cognitive decline. Patients
demonstrate an unsteady gait and experience frequent falls as
they learn to walk. Québec patients never walk properly, are
wheelchair-bound on average by age 41, and their life expectancy
is decreased to 51 years (2, 3). Progressive cerebellar atrophy is
a prominent feature of ARSACS (4, 5), and in the two published
autopsies, loss of cerebellar Purkinje cells was documented and
found to be more severe in the older case (2, 6). These obser-
vations suggest that progressive death of Purkinje cells underlies
the evolution of the ataxia although this hypothesis has not been
tested experimentally. ARSACS is caused by mutations in the
SACS gene, with the first two mutations identified in Québec
patients in 2000 (7). Since then, >100 separate mutations have
been identified from patients in 13 countries around the world,

and interest in the disease continues to grow (5, 8–10). In fact,
after Friedreich’s ataxia, ARSACS may be the most common
form of recessive ataxia (9).
The SACS gene encodes sacsin, a multimodular protein of 4,579

amino acids, one of the largest known proteins in the human ge-
nome. From N- to C-terminal, sacsin is composed of a ubiquitin-
like domain that binds to the proteosome (11), three large sacsin
repeat regions that may have an Hsp90-like chaperone function
(12, 13), an XPCB domain that binds to the Ube3A ubiquitin
protein ligase (14), a DnaJ domain that binds Hsc70 (11, 12), and
a higher eukaryotes and prokaryotes nucleotide-binding domain
that mediates sacsin dimerization (15). The nature of these mod-
ules suggests that sacsin may operate in protein quality control.
However, the functional role of sacsin and the pathophysiological
consequences of its dysfunction have not been examined.
In a previous study (11), we demonstrated that sacsin is pre-

dominantly cytoplasmic with a mitochondria component. Mito-
chondria are present in all eukaryotic cells (erythrocytes excluded)
and have vital functions including biosynthesis of amino acids and
steroids, calcium buffering, and notably, ATP production (16).
Mitochondria are highly dynamic structures that constantly change
their morphology through membrane fission and fusion. Mitofusins
1 and 2 and Opa1 are GTPases on the mitochondrial outer and
inner membrane, respectively, and are responsible for fusion (17).
Dynamin-related protein 1 (Drp1) is a large GTPase required for
mitochondrial fission (18–21). These processes, collectively called
mitochondrial dynamics, are important aspects of cellular quality
control, and defects have detrimental consequences on cells in-
cluding the supply of energy (22). Neurons are particularly sensi-
tive to changes that disturb mitochondria, and determining how
defects in mitochondrial function and dynamics lead to neuronal
cell pathology is extensively studied in the field of neurodegener-
ative diseases (22–27).
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Here, we provide functional characterization of sacsin. Using
cell lines, patient fibroblasts, primary neuron cultures, knockout
(KO) mice, and organotypic brain slice cultures from the mice,
we demonstrate that sacsin localizes to mitochondria and that
targeted disruption of sacsin leads to alterations in mitochondrial
morphology and function, impairs the organization of dendritic
arbors, and causes neuronal cell death. These data suggest that
ARSACS is caused by mitochondrial dysfunction and indicate
that the disease shares some pathophysiological features with
major neurodegenerative diseases with mitochondrial involve-
ment including Alzheimer’s, Parkinson’s, and Huntington’s dis-
eases, thus ultimately aiding in the identification of therapeu-
tic targets.

Results
Sacsin KO Mice Display Age-Dependant Loss of Purkinje Cells.
Mutations in the SACS gene were determined to be causative of
ARSACS in 2000 (7), yet in the intervening decade, there has been
little progress in understanding the underlying pathology of the
disease. For example, it is even unclear whether progressive neu-
ronal death in the cerebellum is responsible for evolution of the
ataxia, the major symptom, or whether the disease is pre-
dominantly developmental (28). To explore the neurodevelop-
mental and neurodegenerative aspects of ARSACS, a transgenic
KO mouse model was generated in which most of the gigantic
12,794 bp exon 10 of SACS was replaced with an IRES-βGal cas-
sette (Fig. S1A). Genomic PCR reveals the presence of the
transgene in the offspring of the founders (Fig. S1B). Loss of sacsin
message is confirmed by RT-PCR (Fig. S1C) and loss of protein is
seen byWestern blot (Fig. S1D) and immunofluorescence of brain
regions (Fig. S1 E–G). Viable null animals are born with classical
Mendelian inheritance. At the time of birth, there are no obvious
phenotypic changes and gross brain morphology appears essen-
tially normal.However, as the animals age, there is a notable loss of
Purkinje cells in the cerebellum of the KO mice compared with
wild-type littermates (Fig. 1). The loss of Purkinje cells is seen as
early as 120 d (Fig. 1A), although it is not yet statistically significant
(Fig. 1B), but becomes highly significant (P < 0.001) at 200 d (Fig.
1C and Fig. S1H). These data support the autopsy findings that

Purkinje cell loss is an important aspect of the pathology and in-
dicate that this process is primarily degenerative rather than
developmental.

Sacsin Is Localized to Mitochondria and Regulates Connectivity of
Mitochondrial Networks. To explore the underlying pathophysio-
logical defects leading to neuronal cell loss, we examined the
properties of sacsin. Sacsin was demonstrated to be cytoplasmic
with a mitochondrial component in SH-SY5Y cells (11). By
optimizing immunostaining with antigen retrieval, we could
readily detect colocalization of sacsin with mitochondrial mark-
ers in the soma, dendrites, and axons of cultured hippocampal
neurons at 21 d in vitro (DIV) (Fig. 2A) and in COS-7 and HeLa
cells (Fig. S2A), indicating that mitochondrial localization is
a common feature in multiple cell types.
To elucidate the function of sacsin, levels of the protein were

reduced by using previously validated siRNAs (11). Sacsin
knockdown (KD) leads to a more interconnected mitochondrial
network visualized with Mito-DsRed (Fig. S2B) and quantified
with 3D confocal reconstructions (Fig. S2 B and C). To confirm
enhanced interconnectivity, we used fluorescence recovery after
photobleaching (FRAP). In the time scale used, 0–20 s, FRAP is
established to provide a measure of mitochondrial continuity as
opposed to mitochondrial dynamics (29–31). Mitochondria la-
beled with Mito-GFP demonstrate enhanced FRAP after sacsin
KD (Fig. 2B). We next sought to determine whether similar
alterations in the fusion status of mitochondria could be detected
in patient samples. Two samples of fibroblasts from patients
homozygous for the 8844delT mutation, the major founder
mutation in Québec (1, 7), were immortalized as described (32).
Western blot revealed no detectable sacsin in these cells (Fig.
2C), consistent with the notion that the nonsense 8844delT
mutation leads to decay of the message. However, because the
antibody is raised against a fragment C-terminal to the in-
troduced stop codon, it is not possible to rule out that the lack of
signal is due to a C-terminal truncation. Interestingly, both sacsin
patient lines display a hyperfused mitochondrial phenotype in-
dicated by the presence of balloon-like or bulbed mitochondria
(Fig. 2 D and E). These structures are characteristic of mito-
chondrial hyperfusion resulting from KD of Drp1 (33, 34) or
overexpression of mutant forms of Drp1 (20, 21, 35). Together,
these data indicate that loss of sacsin function leads to enhanced
fusion or decreased fission of mitochondria.
Further support for a potential role of sacsin in mitochondrial

fission comes with the identification through coimmunoprecipi-
tation of an interaction between the N-terminal 1,368 amino
acids of sacsin and Drp1 (Fig. 2F). Similar to sacsin KD, Drp1
disruption leads to excessively interconnected mitochondria (20,
21, 33–35). Drp1 is found in the cytosol but also accumulates
adjacent to and at the tips of mitochondria and in foci that
represent potential future sites of fission (20, 21, 33). Drp1 foci
are found in proximity to sacsin with partial overlap (Fig. S2D).
Together, these data demonstrate that disruption of sacsin
function leads to a more interconnected mitochondrial network,
possibly through disruption of fission.

Sacsin Regulates Mitochondrial Function. Fragmentation of mito-
chondria isolates damaged segments for degradation and is thus
an important aspect of mitochondrial quality control (31). Be-
cause sacsin KD leads to a more interconnected mitochondrial
network, it is possible that the mitochondria will be functionally
impaired. Tetramethylrhodamine methyl ester (TMRM) is a
potential-sensitive dye used to measure mitochondrial mem-
brane potential (Δψm), which is generated by oxidative phos-
phorylation and is thus an indicator of mitochondrial function
(34, 35). At the steady state, sacsin KD cells have a moderate but
significant decrease in TMRM fluorescence compared with
control (Fig. 3A), suggesting impaired mitochondrial function.
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Fig. 1. Sacsin KO mice display an age-dependent loss of cerebellar Purkinje
cells. (A) Immunohistochemical sections of cerebellum from 120-d-old sacsin
KO mice (SACS −/−) and wild-type littermates (SACS+/+) stained with antibody
against calbindin D-28K (dark-gray) to highlight Purkinje cells. Arrows point
to Purkinje cell bodies or regions in which Purkinje cells are absent. GCL,
granule cell layer; ML, molecular layer. (B and C) Cell counts revealing the
number of Purkinje cells in cerebellum from 120-d-old (B) or 200-d-old (C)
sacsin KO mice (SACS−/−) and wild-type (SACS+/+) littermates. Data for B and
C are means ± SEM. Significance was assessed by using an unpaired Student’s
t test (P < 0.001). (Scale bar: 50 μm.)
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To test further, we labeled cells with Δψm-sensitive MitoTracker
and then treated with carbonyl cyanidem-chlorophenyl hydrazone
(CCCP), which disrupts oxidative metabolism and Δψm, leading to
a complete loss of MitoTracker fluorescence (36, 37). With CCCP
washout, MitoTracker fluorescence recovery is significantly slower
in sacsin KD cells (Fig. 3B), suggesting reduced proton pumping
by the respiratory chain or increased proton leak. We also ex-
amined whether mitochondrial dysfunction occurs in Purkinje
neurons from sacsin KO mice. Organotypic cerebellar slice cul-
tures from control and KO animals were labeled with 5,5′,6,6′-
tetrachloro-1,1′,3,3′-tetraethylbenzimidazolylcarbocyanine iodide
(JC-1), a membrane permeable dye that emits in the green spectra
in mitochondria with a low Δψm but fluoresces red in the presence
of a large Δψm. Cultures from control animals have a higher red:
green ratio than KO littermates (Fig. 3C and Fig. S3). This result
is best observed in the merged and isosurface rendered panels in
Fig. S3 and is highly significant (Fig. 3C). Taken together, our
data indicate that sacsin is required for normal mitochondrial
morphology and function.

Sacsin Regulates Mitochondrial Localization in Neurons. Defects in
both fusion and fission are known to alter mitochondrial transport.

For example, disrupting fission through expression of dominant-
negative Drp1 in cultured hippocampal neurons or through KO in
mice leads to the depletion of mitochondria from dendrites (38,
39). We thus hypothesized that loss of sacsin would also disrupt
mitochondrial localization to dendrites. Small inhibitory RNA
sequences specific for rat sacsin were prepared in a miRNA back-
bone (shRNAmiR) and packaged in lentivirus. This system has
been used successfully in neurons and nonneuronal cells (40, 41).
Several sequences lead to effective KD in hippocampal cultures,
and two were selected (6034 and 14181) that cause near complete
KD as determined by Western blot (Fig. 4A). The sequences also
decrease sacsin immunofluorescence (Fig. S4A and B), confirming
the specificity of the antibody. In control neurons, mitochondria are
observed in cell bodies and are distributed along the length of the
dendrites (Fig. 4B). In sacsin KD neurons, mitochondria are clus-
tered and accumulate in the soma and proximal dendrites (Fig. 4B).
These data suggest that loss of sacsin function reduces the transport
of mitochondria into dendrites, although additional studies will be
required to examine mitochondrial transport directly.

Sacsin Is Required for Normal Dendritic Morphology. Mitochondria
are essential for localized production of ATP, and they function
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in calcium buffering (16, 42). As a result, alterations in mito-
chondrial transport and distribution in neurons can lead to
defects in neuronal development (43). For example, neurons
from mice or flies with disrupted Drp1 function accumulate
mitochondria in cell bodies, have reduced numbers of neurites
per neuron, and altered synaptic function (39, 44). To determine

whether similar processes occur after loss of sacsin function, we
examined dendritic morphology in cultured hippocampal neu-
rons. Sacsin KD neurons displayed fewer dendrites per neuron
compared with control (Fig. S5 A and B). The remaining den-
drites in sacsin KD neurons are significantly thicker (Fig. S5C),
yet the overall length of any given dendrite is unaltered (Fig.
S5D). Importantly, Purkinje cells in 120-d-old sacsin KO mice,
thus before significant neuronal loss, also display disordered,
tortuous dendritic fields compared with control littermates (Fig.
5A). All areas of the cerebellum of 120-d-old mice show the
same general modification in dendritic morphology. Similar
results are seen in organotypic cerebellar slice cultures from KO
mice, in which the dendritic fields of the Purkinje cells appear
highly disordered (Fig. 5B). The dendrites also appear to be
thicker (Fig. 5B), and quantification of these cultures revealed
significant thickening of primary dendrites (Fig. 5C). Thus, sacsin
loss of function disrupts dendritic morphology, perhaps due to
alterations in mitochondrial delivery to dendrites.

Discussion
ARSACS was first identified as a regional disease in Québec, and
the majority of Québec patients are homozygous for an 8844delT
nonsense founder mutation (1, 7). However, there are now >100
different nonsense and missense mutations that have been
identify in the SACS gene worldwide, most of them being in the
large exon 10 (5, 8–10). The clinical spectrum of ARSACS has
also broadened in recent years because some patients outside of
Québec present mild nonspastic ataxia to severe spastic ataxia
with mental retardation (10). Moreover, sacsin has been linked
to other neurological disorders. It is a node in an ataxia inter-
actome, sharing interacting partners with other ataxia proteins
including ataxin-1, ataxin-3, and frataxin (45). Interestingly,
sacsin is a major target for the ubiquitin ligase Ube3a that is
nonfunctional in Angelman’s syndrome, a severe neurological
disorder with myriad symptoms including intellectual disability
and ataxic movements, and it is hypothesized that changes in
sacsin function account for the motor symptoms of this disease
(14, 46). However, despite the seeming importance of the sacsin
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panels of sections from cerebellum of 120-d-old sacsin KO mice (SACS −/−)
and control littermates (SACS+/+) stained with antibody against calbindin to
reveal Purkinje cells. (B) Immunofluorescence panels of cerebellar slice cul-
tures from sacsin KO mice (SACS−/−) and control littermates (SACS+/+) stained
with antibody against calbindin to reveal Purkinje cells. (C) Quantification of
images as in B reveals that the distribution of proximal dendrite diameter is
shifted to larger diameters in SACS −/− neurons. The mean proximal dendrite
diameter of SACS−/− Purkinje neurons is significantly larger than those from
SACS+/+ littermates (5.58 ± 1.86 μm vs. 3.25 ± 1.06 μm; P < 0,001; two-tailed
independent Student’s t test). (Scale bars: 50 μm.)
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protein, there has been little progress regarding the cell bi-
ological role of sacsin and the underlying pathology in ARSACS.
Here, we demonstrate that sacsin localizes to mitochondria

and is required for normal mitochondrial function, morphology,
and localization in neurons. Moreover, the SACS KO mouse
model reveals age-dependent loss of Purkinje cells, consistent
with the progressive ataxia seen in patients. It is likely however
that cerebellar dysfunction precedes loss of Purkinje cells. Pur-
kinje cells transform excitatory afferent signals to inhibitory ef-
ferent signals that target the neurons of the deep cerebellar
nuclei and vestibular nuclei. These pathways are a prerequisite
for normal motor function, and even minor disturbances cause
uncoordinated movements and ataxia (47). The SACS KO mice
display striking alterations in the dendritic fields of cerebellar
Purkinje cells that precede cell death. Numerous alterations in
cell function including improper mitochondrial transport can
lead to abnormal dendritic morphology and altered dendritic
fields of Purkinje cells are often seen in mouse models of neu-
rodegenerative diseases featuring ataxia (43, 48). In fact, neu-
ronal and synaptic dysfunctions are observed before cell death in
both patients and animal models of Huntington (49), Alzheimer
(50), and Parkinson (51). It will be important to determine
whether there are changes in synaptic connectivity and function
in the SACS KO mice.
Another commonality between these major neurodegenerative

diseases and ARSACS is mitochondrial involvement. More
specifically disruptions in mitochondrial dynamics and transport
contribute to the disease process (24, 27, 52). Here, we dem-
onstrate that sacsin localizes to mitochondria and that loss of
sacsin function alters the balance between fusion and fission,
possibly through disruption of Drp1 function. However, one
must interpret this possibility with caution given that alterations
in mitochondria morphology are relatively common in response

to disruption of mitochondrial proteins and other cellular
stressors including oxidative stress (53). Moreover, sacsin has
multiple domains related to protein quality control (11–15).
Thus, after the loss of sacsin function, alterations in mitochon-
drial proteostasis could account directly for the observed defects
in mitochondrial function, with morphological changes as a
consequence. Regardless, these changes lead to altered distri-
bution of mitochondria in cultured neurons and Purkinje cells of
KO mice. We propose that altered mitochondrila localization
contributes to the observed alterations in the morphology and
function of dendrites, ultimately causing cell death. Our data
thus allow us to target mitochondrial repair in disease therapy.

Materials and Methods
KO mice were generated by replacing most of exon 10 of SACS with an IRES-
βGal cassette. Production and use of lentivirus to drive shRNAmiRs for KD in
primary hippocampal cultures were described (40, 41). Culture and analysis
of SH-SY5Y cells after sacsin KD with siRNA were described (11). Detailed
information regarding these procedures and reagents and protocols for
immunofluorescence, immunocytochemistry, live cell studies, generation of
ARSACS patient cell lines, generation and analysis of organotypic slice cul-
tures, Western blotting, and immunoprecipitation are described in SI
Materials and Methods.
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